INTRODUCTION
The comprehensive and accurate stress state calculations in the process of machine elements design is one of the main influencing factors affecting the lifetime, operational reliability and energy efficiency of machine elements, [1] , [2] . This is very important for rotating parts of mechanical systems and machines with non-standard design. Unexpected interruption in regular operation, transmission of rotating movement, is very often caused by the occurrence of cracks on stress concentration sites on shafts and rotors. Such events almost always have catastrophic consequences for particular parts or complete mechanical systems and these events are very costly.
This is important if we know that until today, choosing the right way of predicting a component's fatigue life was a matter of believing, rather than unified viewpoint based on engineering practice. Particularly in the high-cycle-fatigue (HCF) regime, there is mostly a factor of two and more between the predicted and the actual fatigue life. Even the question about the existence of a fatigue limit already raised in1860 by August Wöhler has not been not finally answered. All above mentioned actually emphasize the significance of strengthening the very basics of knowledge in mechanical engineering [3] .
Thus, to establish the adequate methodology for monitoring and prevention of rotating parts failures it is of great importance to define the optimal working conditions and load capacities of particular machine elements. [4] and [5] . A detailed survey of basic problems related to crack occurrence in stress concentration factors are presented in references [6] and [7] . However, the majority of research in structural integrity is focused on crack detections and crack growth rate calculation, which leaves classic approach, the calculation and use of stress concentration factors, uncovered.
The major aim of this paper is to fill this gap and add confirmation of engineering philosophy explained in this introduction.
STRESSES AND STRESS CONCENTRATION FACTORS
The elementary stress formulae used in the design of structural parts are based on the parts or members having a constant section or a section with gradual change of contour. Such conditions, however, are hardly ever attained throughout the highly stressed region of actual machine parts or structural members. The presence of shoulders, grooves, holes, keyways, threads, etc., results in modifications of the simple stress distributions so that localized high stresses occur. This localization of high stress is known as stress concentration, measured by the stress concentration factor. The long-held and common engineering practice uses standard analytical methods and Peterson's stress concentration factors (SCF) for calculation of shoulder filleted shafts, [8] . Peterson's stress concentration factors are determined for shafts with standard dimensions. Peterson's original equations for shoulderfillet stress-concentration factors (SCF) were actually rough engineering estimates. The analytical tools available when Peterson compiled his stressconcentration factors forced him to base his calculations for shoulder fillets on solutions for similar geometries, instead of directly calculating the stress state. This solution is only applicable for limited ranges of shaft dimensions and takes the form of separate graphs for the three loading modes: bending, tension, and torsion, for particular case of stress raiser.
Some other authors, [9] , developed theoretical expressions for stress concentration factors for shoulder fillets in round and flat bars under various loads. But, the flat-plate fillet solution had not been translated into a 3D round shaft and can not cover all shaft designs today in use.
Modern analytical and numerical techniques can provide a more accurate, easier-to-handle solution. Many authors, [10] , [11] , used Finite Element Analysis (FEA) to overcome many of the inaccuracies of the previous method and previous Peterson's graphs. With the enormous rise in computing power, designers could use numerical equations to calculate SCF instead of relying on printed curves and tables. The authors form references [9] and [10] exploit the excellent knowledge of Finite Element Theory combined with separate design equation for each loading mode. The current question is whether it is better to calculate stresses for every external load separately, [11] , or for complex loads at once, [5] ? Different authors have different standpoints.
However, an important problem in shaft design is the determination of SCF at the shaft transition zone for shafts with flange and high ration of shaft radii/flange radii. These shafts are not covered with existing SCF graphs. The FEA is confirmed method for such problems, used for the calculation of stress concentration factors at transition zones, [12] and [13] .
For SCF and maximum stress calculation of nonstandard shafts that required a high level of energy efficiency, and in the same time high level of reliability and safety, the procedure for calculations is not commonly defined in engineering practice, yet.
The stress concentration factor K t can be defined as the ratio of the peak stress in the body (or stress in the perturbed region) to some other stress (or stress like quantity) taken as a nominal stress:
In equation (1) the stress σmax represent the maximum stress for actual loads and the nominal stress σnom is reference normal stress. The subscript t indicates that the stress concentration factor is a theoretical factor. In the case of the theory of elasticity, a two-dimensional stress distribution of a homogeneous elastic body under known loads is a function only of the body geometry and is not dependent on the material properties.
It is very important to properly identify the reference stress for the stress concentration factor of interest. Stress concentration factors can be obtained analytically from the elasticity theory, computationally from the Finite Element Method, and experimentally.
The recommended tabular value for the geometrical stress concentration factor for the described hollow shaft with flange at the shaft end in complex loading conditions doesn't exist. Therefore, described Finite Element Model is used for identification of nominal and maximum stresses for calculation of stress concentration factor of shaft-flange transition zone. Due to complex loading conditions, stress concentration factor has been calculated from the intensities of equivalent stresses, [12] .
SHAFT WITH FLANGE -A CASE STUDY
In order to illustrate the methodology for shaft stress calculation, one particular shaft with flange is described and investigated in this paper. The selected shaft is a real horizontal hydro turbine shaft with significant radius change at transition zone from shaft to runner flange, which was the cause of failure. =225 MPa, i.e. fatigue strength for 0 (one direction) and -1 (reversed) min/max stress ratio R, GOST 977, [14] and [15] . Before the end of the guarantied working period, crack appeared on shaftflange radius, fig.1 . Numerical Finite Element Method (FEM) is used during the failure investigation for critical zone stress calculation, as well as for determination of geometrical stress concentration factor, [15] and [16] . 
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shaft with one flange to generator shaft and another flange to runner, [13] . Figure 2 presents the 3D finite element model of analysed shaft with flange, made with continuum discretized by the 3D structural solid elements defined by 8 nodes that had three degrees of freedom at each node (translations in the nodal x, y and z directions). The FEM model has 59120 nodes and 47547 elements. The boundary conditions and external loads are defined on FEM model as shown on fig.2 : displacement constraints in radial direction ato nodes in contact with radial sliding bearing and fixed nodes which is interface with flange of generator shaft, [13] .
The loads were taken from the original shaft manufacturer's documentation. The numerical calculations are performed for few load cases: regime during starting (LC1), regular operation regime (LC2), only bending from shaft's and runner's weight (LC3), only torsion from runner torque moment (LC4) and only tension from axial hydraulic force during starting regime (LC5), Table 1 . 
Load case 1, Fig.2 , corresponds to the static load during start of operation and change of the operating runner's blades position and it is defined by: the maximum axial hydraulic force of F a =5542.65·10 3 N, pressure in servomotor q=40 bar, own shaft's weight, runner's weight of G=1·10 6 N and the torque on the runner of M t =4280.5935·10
3 Nm. The total axial hydraulic force F a is simulated by the forces in axial direction (the x axis direction) at points of connecting the shaft flange to the runner. The pressure in servomotor is simulated by surface pressure inside of the flange and axial force
, where the values of servomotor cylinder radius R = 925 mm and servomotor toggle radius r = 190 mm were taken over from the original turbine manufacturer's documentation. The shaft's own weight was simulated by gravitational acceleration. The runner's weight was reduced to the points of connecting the flange with runner. The torque was simulated by the forces in radial direction in all the nodes at the shaft flange perimeter, so that the total torsion moment from these forces represents the torque, while the bending moments of these forces as well as the forces themselves are mutually cancelled.
Load case 2 corresponds to the dynamic, time-variable load in the course of normal operating regime and it is defined by: axial hydraulic force of F a = 392.4·10 3 N, own shaft's weight, runner's weight of G = 1·10 6 N and the torque on the runner of M t = 4280.5935·10 3 Nm, defined in the same way as for load case 1.
The Finite Element Analysis (FEA) of analysed turbine shaft was performed for all defined load cases. The obtained numerical results for stress states in transition zone are presented on fig.3 and fig.4 in form of contour plots for equivalent stresses σ eqv , calculated according to the von Mises's criterion. Figure 3 shows the σ eqv in shaft-flange transition zone for load case 1 (regime during starting). From the stress contours display nominal stress σ eqv-nom = 32 MPa and maximum stress σ eqv-max = 127 MPa can be read at the transition radius that corresponds to the real crack initiation location. For regular operation regime (load case 2), nominal stress σ eqv-nom = 28 MPa and maximum stress σ eqv-max = 57.6 MPa can be read from numerical results, fig.4 . Likewise, nominal and maximum stresses can be read for all other load cases.
The figure 3 also shows the nominal and maximum stresses for component loading cases which make regime during starting loading: bending, torsion and tension.
The obtained values of nominal and maximum stresses for all load cases are given in tables 1 and 2.
INFLUENCE OF TRANSITION RADIUS ON SCF
The described non-standard shaft with flange is part of hydro turbine. The maximum equivalent stresses in critical shaft/flange transition zone obtained by FEA and presented in previous chapter don't exceed fatigue strength of σ Df(0) = 340 MPa, [13] , for load regime during starting turbine (maximum static load), as well as fatigue strength of σ Df(-1) = 225 MPa, [13] , for regular operation regime (dynamic cycling loading). But, because the failure occurred, the research of shaft-flange transition section influence on stress concentration factor has been performed. The stress concentration factor values are calculated for variable transition radius r. For these purposes, the numerical calculations were performed for real shaft transition radius r = 80 mm and also for radii of 70 mm, 100 mm and 120 mm. The obtained results have been used for SCF estimations and comparison.
The calculations of the nominal and maximum stresses for real transition radius (80 mm) of real hydro turbine hollow shaft with flange are performed for 5 defined load cases. The similar Finite Element Models and Finite Element Analysis are performed for each of the chosen variable radius values. Fig.5 gives transition zone display with variable radii. The obtained numerical results are presented in Table 1 for maximum von Mises's stresses and in Table 2 for calculated SCF.
The analysis of SCF for all analysed load cases for different transition radii shows the reduction of maximum stresses and SCF with radii increasing, which is expected conclusion, [11] .
The Fig.6 shows the graph of SCF versus r/d (r-transition shaft/flange radius, d -shaft diameter) for combined start load (load case 1). At the same way, the Fig.7 shows the graph of SCF versus r/d for complex load during regular operation regime (load case 2) and Fig.8 shows the graphs of SCF versus r/d for component loads: bending, tension and torsion These graphs can be described with function:
where a and b are constants. For investigated shaft with flange calculation by numerical method of least square gives the constants given in table 3. The selected function described K t as function of r/d with minimum deflections. These expressions' form, given with equation (2), is in accordance with the expressions obtained from the authors in [11] for another hollow shaft with flange. 
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simulation bending and torsion simultaneously. The hypothesis of maximum normal stress is used for the total stress calculation, [12] . The presented approach for determination of the stress concentration factor in transition section of shaft with flange and calculation of maximum stresses at transition zones by FEA should leads to more accurate calculation results of non-standard shafts. Finite Element Analysis of a machine part with non-standard transition zone geometry can not be replaced with standard analytical calculations. This is supported by the fact that shaft had premature failure although analytical calculation results show that load capacity is in accordance with working load conditions. For every particular machine part (shaft, gear, bearing), engineers have to make decision whether to calculate it by FEA or by standard analytical method. The decision must take into account the required energy efficiency, as well as required reliability and safety level of the machine part. The descried methodology is reliable, but time cost at the same time, so it is suitable for shaft with the flanges and non-standard geometry when they have special durability requirements, such as shafts at excavators, turbines and other parts in heavy machinery.
This paper is a confirmation that the use of Peterson's SCF and standard analytical techniques for total stress calculation has to be replaced by modern calculation techniques that provide a more accurate, easier-to-handle solution and overcome many of the inaccuracies of the previous method. This statement is particularly valid for multiaxial stresses around geometry features that induce local rise of stresses. Further development of this methodology can be applied to SCF within SCF such as corrosion pit on various stress concentration features [17] and [18] .
The analysis of these diagrams leads to the conclusion that simulation of all external loads on a real machine part FEM model and performing numerical calculation of total stress by single calculation is much more accurate than calculations of stress concentration factors for different stress components of a complex load and following the calculation of analytical values of total stress.
